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Transition to A matter from hot, dense nuclear matter
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An investigation of the transition tA matter is performed based on a relativistic mean field formulation of
the nonlineawr andw model. We demonstrate that in addition to theneson coupling, the occurrence of the
baryon resonance isomer also depends on the nucleon-meson coupling. Our results show that for the favored
phenomenological value of* andK, the A isomer exists at baryon density2 -3, if 8=1.31 is adopted.
For universal coupling of the nucleon amd the A density at baryon density-2—3p, and temperature
~0.4-0.5 it is about normal nuclear matter density, which is in accord with a recent experimental finding.
[S0556-281@7)07408-9

PACS numbgs): 25.75.Dw, 13.75.Cs, 24.10.Cn, 21.65.

I. INTRODUCTION makes it possible to fik and m* with positive c, particu-
larly for the favored phenomenological values of
One of the central aims of high-energy heavy ion colli- m*/my=~0.6, K~200-300 MeV[3-5] and to give a large
sions is to understand the properties of hadronic matter aoftening of the nuclear equation of stdE0S. Therefore,
high temperature and densities. Hadronic matter may havetie model also provides a means to study the influence of
rich structure under high compression and at high excitatioflifferent parameter sets corresponding to different saturation
energies. There are conjectures about abnormal nuclear m&operties of nuclear matter on the nuclear EOS when a
ter (such as resonance isomerat high density,p~3  résonance is introduced. In addition, recent experiments have
—5p,. Relativistic mean field calculations, using an extendedndicated that large numbers dfs are produced in the re-
Walecka Lagrangian with nonlinear field, predict that the ~ 2ction zone of heavy ion collisions at beam energies of 1-2

nuclear equation of state may yield a second minimum aQeV/nucIeor{S,g]. Therefore, it becomes more interesting to

aboutp~3p, if the A resonance is introducdd]. Further- reinvestigate the problem of the transitionAomatter based

: . : .on a model which can accurately model nuclear properties.
more, it has been pointed out that the existence of the densi : X . .
: . he aim of this paper is to study the properties of hot, dense
isomer can change several observables substantially,

espe- X .
cially particle production yield§2]. Riticlear matter, mainly the behavior of the energy per baryon,

i he effective mass, the density of nucleons auid versus
In Ref.[1] it was shown that the appearance of a secon he baryon density at various temperatures wheh gso-

minimum as well as its exact position and depth depend 0R 4 ce s introduced via a relativistic mean field formulation
the scalar and vector coupling constant of theHowever, ¢ ihe nonlinea-» model introduced by Bodmer. We pay
the investigation is limited to only one parameter set whichypecig| attention to the problem of the transitionianatter.
leads to the saturation properties of nuclear matter with COmMpq o tiine of the paper is as follows: in the next section we
pressibility K=344 MeV, effective massny/my=0.678 at | briefly introduce the theoretical framework and in Sec.

the saturation density=0.17 fm~* for which the compress- ||| we present our results and summary.

ibility is too large. It is now known that an accurate mean-

field equation requires 06m*/m=0.65 and 20&K =280 Il. THEORETICAL FRAMEWORK

MeV in order to reproduce reasonable energy systematics,

spin-orbit splittings, and deformation in finite nucf8i-5]. It The effective Lagrangian can be written as

has been pointed out that the parameter set is rather restric-

tive for compressibility within a favorable region L=Let L. @

K=200-300 MeV for the Walecka type model with nonlin-
ear o field. Bodmer has introduced a self-interaction vector
field in addition to the nonlinear scalar fie[@] into the
effective Lagrangian, which has been found to be important T _ i _ v
for accurately modeling the self-energies and consequent Le= iy, 0" =) gt g, (17,0 = M) Y5

nuclear properties. This approach introduces a density de- —i—%é’ﬁo’&“o’—u(g)—%wluvw/‘“}—ku(w), 2
pendence that goes beyond what is included in nonrelativis-

tic Brueckner theory. With this model the properties for bothand U(o), U(w) are the self-interaction part of the scalar
finite nuclear systems and the saturation properties of nucledield and vector field

matter can be well described simultaneoudy7]. Further- L2 - .

more, inclusion of the vector meson quartic self-interaction U(o)=3m;o°+3b(g,0)°+4¢(9,0)", ()

Here L¢ is the Lagrangian density for free nucleak, and
meson fields
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TABLE I. The parameter sets used in the calculation as well as the corresponding saturation properties of
nuclear matterm, =550 MeV andm,=783 MeV are used for all cases.

9e Jo b c z Ebin mKl/mN K (MeV) Po
set 1 9.187  10.425 6.641 2.047 o -15.84  0.678 344 0.17
set 2 11.77 13.88 13.447 10.395 3.655—-15.75 0.6 200 0.1484
set 3 11.32 13.87 1.279 50.645 3.655 —15.75 0.6 300 0.1484
set 4 10.285 11.73 8.3553 83.33 2.0602—-15.75 0.7 200 0.1484
set5 8.52 9.049 —6.5472 312.6 1.5476 —15.75 0.8 200 0.1484
2 * __ _~A
g, o, " my =mpy—g,o. (7
_ 1.2 o Yu
U(w)=2m o, o 1+ 2 2 ), 4
respectively.L, is the interaction Lagrangian density The scalar densitys and vector densﬂ;ob_ are the sum of
the nucleon and scalar and vector densities, respectively:
Ly=Lynt LaaT Lan= 9o ¢(X) p(X) o(X)
=G (X) Y, () 0*(X) + G5 ta (X YL (X) o (X) ps=ps(N)+Bps(A)
=G tau(X) Y () 0 (X), 5

. . . : po=pe(N)+app(A). 8
where i, , is the Rarita-Schwinger spinor of thie baryon.

The symbols and notation have their usual meafik@. It
should be noticed that in addition to the cubic and quarticThe thermodynamic potential for a system at finite tempera-
self-interaction of the scalar field, a quartic self-interaction oftyre is written as
the vector field has also been introduced according to the
suggestion of Bodmef3]. The coupling strengths of,;,
g, andb, c, Z used in the calculations are given in Table I. Q=-TInZ=[U(o)—U(w)]V
The set 1 is taken as the same one usdd jand the others
are from[3]. Little is known about the\ coupling strengths
g5 and g2. Usually, parametersx and B defined as
a=g/g,, B=g3/g, are introduced instead ¢f> andg?.
There are several choices ferand3: (1) universal coupling + > In(1+e ENT9ueotwIT)
constant for nucleon and, i.e., « = 8 = 1, based on the K\
guark counting argumefi1,12, (2) « = 8 = 1.31, assum-
ing that the coupling strengths show a splitting similar to the + z |n(1+e*(EZ+a9ww0*M)/T)
mass splitting oA and nucleon(3) =1 andB=1.31 since kA
the w meson has a real quark-antiquark structure whilesthe
meson has not, and) the recent calculations with the QCD +, |n(1+e—(E§+agwwo+u)/T) , 9
sum rule method yieldvr~0.5, while no prediction for3 KA
[13]. The choices ofl), (3), and(4) will be investigated in
this paper. The choic&) will not be investigated consider-
ing the arguments of3) and (4). where
For symmetric, infinite isotropic nuclear matter the fol-
lowing equations of motion for the model can be derived
within mean field approach: EX = Jk?+m*?. (10)

_T 2 |n(1+ ef(EKngwwOif’“)/T)
k,\

(iy,d" =My =g, y,0") =0,
) A A The thermodynamic functions can be derived from the ther-
(iy,0%—my—g,7,0")¢>=0, modynamic potential. The baryon density is written as
m2o+b(g,0)%+¢(9,0)%=g,ps.
100 (i)

pB:_Vﬂ:Ei (2m)3

=pa(N)+pg(A), (11)

2
)

22

f&wmn—ﬁﬁn

mwo| 1+97

) =0JuPpb» (6)

where,

mN =M= 0,0, wherey(i)=4, 16 fori=N, A, respectively, with
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. 1
nN( )_ (1+e(E’,\]+wao*M)/T)7
— = 1
nn(T)= (1+e(E:‘+gwwD+M)/T) ’
- 1
n - 1
A( ) (1+e(EZ+agm“’07#)/T)
_ 1
na(T)= (12)

(1+ e(EZ+agww0+M)/T) :

Here it should be noticed thatz is not equal top, when
a# 1. The conserved quantity jg but notpy, . p, Serves as
the source term of the vector field. From E¢kl) and (12)
ps(i) andpg(i) can be expressed as

*

patin =2 [ o

NEEE [mi(T)+ni(T)1,

(k2+ m* 2)1/2

y(i)
(2m)3

pe(i)= f d3k[ni(T)—ny(T)],

i=N,A. 13
The energy is given by
e=egte, te,, (14

with

(i) ) _
o3 (277)3J 4@+ m? 2y (T)+ 7y (T)

i=N,A,

+=U(0o),

1 Ja @6
€,=0,PpWo— Emiwé( 1+ > ? . (15
The pressure can be derived as

Q(T,V, 1)
B oV

=Pgt+P,+P,,
T.u

(16)

with

y(i) [ 2

T (2m)?®

B=

(k2+m*2)1/2[ni(T)+n_i(T)],

P(r= _U(G'),
P,=U(w). (17

The nucleon and delta effective mas§ andm} , respec-
tively, have to satisfy the self-consistency relation:
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FIG. 1. The energy per baryon as a function of the baryon den-
sity at zero temperature. The solid, dashed, pointed, dash-pointed,
long-short dashed lines correspond to the results calculated with set
1-set 5 given in Table |, respectively. The results B+l are
pointed by arrow and others are f8=1.31. The results with set 5
for both 8=1 andB=1.31 are the same

* +C2 _B * 2+£ * 3 =0
my—my+C5| ps— —3 (My—my) 7 (My—my) )

g (o8

m3 —my— B(my—my)=0. (18)

To compute the thermodynamic functions, one first specifies
T and w. The self-consistency relatiofl8) and field equa-
tions (6) are then solved to determine the effective masses
my andmj as well aswg . Then the energy and pressure can
be evaluated through Egkll), (14), and(16).

Ill. NUMERICAL RESULTS AND SUMMARY

In Fig. 1 we show the energy per baryon as a function of
density (“EOS”) at T=0 for various cases withw=1,
B=1 and 1.31 and parameter sets 1-5 given in Table I.
Comparing the results fgg=1 andg8=1.31, we find that the
“EOS” strongly depends on the\-meson coupling. l.e.,
there is no second minimum for the cases vt 1, while
for 3=1.31 a second minimurti.e., theA isome) may oc-
cur. In addition, we find that the appearance of a second
minimum as well as its position and depth also strongly de-
pends on the nucleon-meson coupling, which is fixed by the
saturation properties of nuclear matter characterized by the
effective massn* and compressibility. This can be seen
from Fig. 1 by comparing the results with different param-
eter sets. Another important feature is that the introducion of
the quartic term of vector field obviously favors the appear-
ance of a second minimum due to its effect of softening the
EOS at high density. For instance, the EOS calculated with
set 1, for which the vector meson field has no quartic term,
has no second minimum fg =1.31(also se¢1]), while for
other cases with the quartic term of the vector field intro-
duced(set 2-5 given in Table)lall have second minima
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FIG. 2. The same as Fig. 1, but for varioasand 8 with pa-
rameter set 2 only.

except the case with set 5 which has large effective mass

my/my=0.8.
Now let us further analyze how the appearance of a sec- %
ond minimum as well as its position and the depth are cor- >3 T=78.8MeV
related with the saturation properties of nuclear matter when gz 150
B = 1.31is adopted. In order to investigate the dependence

on the effective mass, let us compare the “EOS” calculated
with parameter sets 2, 4, 5, which have the sdfwe200
MeV, but different effective massesy/my=0.6, 0.7, and
0.8, respectively. For the first two cases, there exist a second
minimum, but for set 4 the minimum is much shallower and T
at much higher density than that for set 2. For set 5, with 0o 1 5 3 4 5 6 7
large m{,/my=0.8, there is no second minimum. In fact, in
the case of set 5 the “EOS” follows the same curve for both 80
B=1 and f=1.31 and theA density remains zero as the
baryon density increases. The results clearly imply that the FIG. 3. (a) The energy per baryon as a function of the baryon
small saturated effective mass favors the appearance of density at temperature 0.1-0.5 frhwith set 2 and3=1.31. (b)
second minimum. For the cases of set 2 and 3, which correIhe energy per barylon_as a function of the baryon density at tem-
pond to the same effective mase{/my=0.6), but different ~Perature 0.1-0.5 fm- with set 2 ands=1.0.
compressibility K=200, 300 MeV, respectively, a second
minimum is obtained at almost the same positionpy, is smaller than baryon densipg sincea is much smaller
(pg!po=3) for both cases, but the depth of the second minithan unity, consequently, a weaker repulsion is produced by
mum is different. For set 2 witlk =200 MeV, the second ® meson according to Eq6). The calculated results for
minimum is lower than that of set 3 witki=300 MeV and «=0.6 show that whenB—«a=0.35 (i.e., for cases of
even lower than the first minimum. That means that with a«=0.6, 8=0.95,1.0,1.1) the interaction is too attractive and
given effective mass the depth of the second minimum dethe energy per baryon starts to decreaspgat1.5—2.5p,
pends on the saturated compressibikty With smaller val- and then becomes very negative. It implies that the differ-
ues ofK, the second minimum becomes deeper. Moreoverence betweem and 8 should not be too large. For smaller
the difference between the “EOS” calculated wigh=1.31 B8 (=0.9 and 0.8pthe second minimum happens at higher
is larger than that calculated wigg=1. That means that the density. Fora=1, there is no second minimum B is
influence of the compressibility on the 'EOS’ is stronger smaller than 1.25. We will only take=1, the usual value, in
when 8=1.31 than that whe=1. the following calculations and thugg is always equal to

In order to further investigate the influence of thecou- py.
pling constants on the “EOS,” we compare the results with Figures 3a) and 3b) show the energy per baryon as
different choices ofr and 3, but the same parameter a2 a function of the baryon density at temperatures 0.1-0.5
take set 2 In Fig. 2 we show the energy per baryon as afm ! (i.e., T=19.7,39.4,59.1,78.8,98.5 Me\With param-
function of pg at zero temperature for differedt coupling eter set 2 andB=1.31 and B=1, respectively. For
constants. The calculations are carried out 46r0.6 sug- B=1.31, for lower temperaturel 0.3 fm~1), the behavior
gested by the QCD sum rule calculatidris3]. In this case is similar to that with zero temperature given in Fig. 1, ex-
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FIG. 4. The effective mass as a function of the baryon density FIG. 5. (8 The nucleon andA density as a function of the
for nucleon andA at temperaturedr=0.1-0.5 fm %, respectively baryon density at temperature 0.1-0.5 Thwith set 2 and
calculated with set 2 and=1.31. The solid, dashed, pointed, dash- 8=1.31. The solid, dashed, pointed, dash-pointed, long-short
pointed, long-short dashed lines correspond to the temperaturéished lines correspond to the temperatdre$.1,0.2,0.3,0.4,0.5
T=0.1,0.2,0.3,0.4,0.5 fmL. (b) The effective mass as a function of fm 1, respectively(b) The nucleon and density as a function of
the baryon density for nucleon andl, at temperature 0.1-0.5 the baryon density at temperatuFe=0.1-0.5 frm * with set 2 and
fm ! with set 2 and@=1.0. The solid, dashed, pointed, dash- B=1.0. The solid, dashed, pointed, dash-pointed, long-short dashed
pointed, long-short dashed lines correspond to the temperaturd§i€s correspond to the temperatures 0.1,0.2,0.3,0.4,0.5 f,
T=0.1,0.2,0.3,0.4,0.5 fm", respectively. respectively.

cept that the first minimum shifts a little to lower density. It mass of theA is always larger than that of the nucleon for
means that at this regime the density dependence is momarious temperatures and they follow different curves. The
important than the temperature dependence. As the temperdifferent behavior of the effective mass f@=1.31 and
ture increases, whefi=0.4 fm ™1, the first minimum disap- B=1.0 is closely related to the different behavior of the en-
pears and the second minimum remains. For kel case ergy per baryon versus the baryon density and temperature.
shown in Fig. 8b), there is no change in the behavior, i.e., Since the transition t&\ matter is characterized by the
there is only one minimum at the normal nuclear matter denrapid increase of thé density, in Figs. &) and §b) we
sity, which means that there is doresonance isomer for this show the dependence of thedensityp, .3 and the nucleon
case. densitypy. y On the baryon density at different temperatures
In Figs. 4a) and 4b), we show the behavior of the effec- for =1.31 andB=1, respectively. Since the number of an-
tive mass of the nucleon and theversus the baryon density tiparticles is negligible in most cases studied here, we have
for temperatures 0.1-0.5 fit. Figure 4a) corresponds to  pa.a~pa andpyn~pn - For 8=1.31[Fig. 5a)], it can be
B=1.31 and Fig. %) corresponds t@=1. For3=1.31,the  seen that at temperaturs=0.1-0.3 fm ! the nucleon den-
effective mass of the nucleon and thefollows the same sity first increases then reaches the maximum around
curves for various temperatures. F@r=1, the effective pg/pp=1.5 and then decreases accompanied by a rapid
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increase in thel density. Atpg/pg around 1.5-2.5 thé the “EOS” on the nucleon-meson ani-meson coupling
density exceeds the nucleon density. At temperaied®.4  constants as well as the self-interactiorvodnd  meson at
fm 1, the rising slope of the nucleon density becomeszero temperature are studied carefully. The results show that
smaller and the maximum disappears, and themtliensity  the appearance of the density isomer not only depends on the
quickly exceeds the nucleon density aroys= py, which ~ A-meson coupling, i.e.¢ and 8, but also depends on the
coincides with the disappearance of the first minimum ofnucleon-meson coupling. More specifically, the appearance
“EOS” in Fig. 3(a). For the3=1 case shown in Fig.(6),  of the density isomer and its corresponding baryon density is
the behavior of the nucleon ard density versus the baryon strongly correlated with the effective mass at saturation,
density is very different from that g8=1.31. In this case, while the depth of the second minimum is influenced by the
the nucleon density first increases very fast as the baryopompressibilityK. From our calculations, we can conclude
density increases and saturatepgt5p, for low tempera-  that for the favored phenomenological values of the effective
tures. As the temperature increases, the rising slope of th@ass and compressibility required by the properties of
nucleon density decreases and shdensity starts to increase nuclear matter as well as finite nuclei, i.e., 8.8*/m=0.65

at much lower density. For all temperatures, the nucleon derand 206K <280 MeV [3-5], the density isomer exists at
sity remains larger than that af until very high baryon baryon density=2—3p,, if 8=1.31 is adopted. For univer-
density, which is closely related to the behavior of thesal coupling of theA and nucleon, no density isomer ap-
“EOS" for this case shown in Fig. @). Here we have no- peares. But for the later cagéeniversal coupling cagehe A
ticed that atT=0.4—0.5 fm ! the A density reaches about density at baryon densitp=2-3 p, and temperature
1/3—1/2 of nucleon density at baryon density around g=3 T=0.4-0.5 fm ! almost reaches the normal density of
l.e., at this condition thé density already reaches the nor- nuclear matter, which is in agreement with that of the recent
mal nuclear matter density, which seems to be in agreememxperimental findind8,9]. Further experimental tests, such
with the recent experimental finding mentioned in the Intro-as those predicted by RdR], are necessary in order to de-
duction[8,9]. In this case the average spacing betwa&nis  termine whether there exists a second minimum in the
comparable with the nucleon spacing in normal nuclear mathuclear equation of state. This might also provide direct in-
ter. Our result may suggest the occurrencé ahatter at the formation about the\-meson coupling constants, according
temperatureT=0.4-0.5 fri ! and baryon density around to our investigation.

2-3 po, Which has nothing to do with th& isomer.
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